Introduction
Most bacteria and archaea have circular chromosomes, each of which contains initiation (oriC) and termination (ter) sites. In general, the ter site is located on the opposite side of the circle from oriC. After replication commences at oriC, replication forks may be stalled by obstructing proteins or DNA lesions on the template before they reach the ter site. Alternately, replication forks may collapse due to DNA double-strand breaks generated by ionizing radiation or reactive oxygen species. In cases of replication stalling or fork collapse, homologous recombination (HR)-dependent repair is essential for resumption of DNA synthesis and to repair DNA double-strand breaks.
The HR pathway is active in bacteria and archaea (Kuzminov 1999; Cox et al. 2000; Kowalczykowski 2000; Haber 2013) . Despite its essential roles in ensuring genome integrity, HR can generate toxic products. For example, an odd number of HR events between circular chromosomes can generate a chromosome dimer of two circular DNA monomers, representing a covalent fusion of the two newly replicated chromosomes. This chromosome dimer cannot be segregated to daughter cells, preventing stable inheritance of genomic information (Sherratt 2003; Lesterlin et al. 2004) . Therefore, organisms with circular genomes have evolved special mechanisms to convert chromosome dimers into two monomers. In many species, site-specific recombination systems mediated by the Xer proteins are responsible for dimer resolution.
Site-specific recombination for resolution of chromosome dimers has been studied most extensively in Escherichia coli [reviewed in (Lesterlin et al. 2004;  Genes to Cells Sherratt et al. 2004; Bigot et al. 2007) ]. This process involves protein and DNA components: XerC and XerD, paralogous site-specific recombinases of the tyrosine recombinase (Y recombinase) family, which harbor the conserved catalytic motif (R-K-H-R-[H/ W]-Y) (Sherratt & Wigley 1998) , and a specific target DNA site, dif, located in the ter region. The dif site is a palindromic motif composed of two inverted repeats separated by a central six-nucleotide spacer (Leslie & Sherratt 1995; Cornet et al. 1996) . XerC binds to the left half-site of the dif site, where it cleaves and exchanges the top strand, whereas XerD binds to the right half-site and cleaves the bottom strand, yielding a Holliday junction intermediate. Two molecules of XerC and two molecules of XerD form a heterotetrameric complex, with the members of the XerC-XerD pairs interacting with each other via their C-terminal regions (Hallet et al. 1999) . Either XerC or XerD can catalyze exchange of the first pair of strands, depending on external constraints imposed on the synaptic complex (Aussel et al. 2002; Bregu et al. 2002) . To promote the resolution of dimers, XerCD-mediated recombination requires assistance by FtsK, an ATP-dependent DNA translocase and cell division factor that is also essential for chromosome dimer resolution (Barre et al. 2000; Aussel et al. 2002) . FtsK helps XerC and XerD to activate recombination at the dif site (Yates et al. 2006) .
In contrast to the XerCD/dif system, many sitespecific recombination systems mediated by Y recombinases, such as the Cre/loxP system from plasmid P1, involve a single recombinase (Grindley et al. 2006) . Indeed, several families of bacteria resolve chromosome dimers using alternative systems consisting of a single Y recombinase. For example, in the genera Streptococcus and Lactococcus, both in phylum Firmicutes, the chromosome dimer resolution system consists of a single Y recombinase, XerS, which mediates sitespecific recombination at a specific site, difSL (Le Bourgeois et al. 2007; Nolivos et al. 2010) . Other groups of bacteria (e.g., Helicobacter sp. and Campylobacter sp.) also harbor a single conserved Y recombinase, XerH, along with a potential dif site (difH) resembling difSL located within putative ter regions (Carnoy & Roten 2009 ). Importantly, these single Y recombinase systems for chromosome dimer resolution function in collaboration with the highly conserved FtsK DNA translocases (Carnoy & Roten 2009) .
Archaea also resolve dimer chromosomes using a Xer-like system (Cortez et al. 2010; Duggin et al. 2011 ), but only a single Y recombinase homologous to bacterial Xer proteins has been identified in archaea, for example, Xer from Sulfolobus solfataricus and XerA from Pyrococcus abyssi. The crystal structure of the full-length XerA recombinase from P. abyssi has been determined at 3.0 A resolution (Serre et al. 2013) . Very recently, Jo et al. (2016) identified XerA from Thermoplasma acidophilum and determined its structure at 2.5 A. The mechanism proposed for XerA-mediated resolution is slightly different from that of bacterial XerCD systems consisting of two different Y recombinases. In the absence of dif, the XerA apo dimer exists in a catalytically dormant form. Once XerA binds to dif, the XerA dimer changes to trans from cis packing, a process involving an a-helix in the C-terminus. This packing change leads to repositioning of the catalytic Tyr in the active site (in cis), and dimer stabilization via the a-helix contacts between monomers (in trans) (Serre et al. 2013) . The biggest difference between the recombination systems in bacteria and archaea is that archaea lack an FtsK homologue, which is essential in bacterial systems. These differences suggest that archaea resolve chromosome dimers via a different mechanism than bacteria. The nature of this mechanism is currently unknown.
In this study, to elucidate the molecular mechanisms of archaeal chromosome dimer resolution, we analyzed the biochemical properties of XerA from T. acidophilum. First, we used chromatin immunoprecipitation sequencing (ChIP-seq) to identify two XerA-binding sites on the chromosome. Subsequent in vitro site-specific recombination assays showed that one of the two sites serves as a bona fide target for recombination. Electrophoresis mobility shift assay (EMSA) using a series of mutated target sequences identified the nucleotides critical for XerA-binding and site-specific recombination. Our results provide insight into the molecular mechanisms underlying chromosome dimer resolution in archaea.
Results
Identification of XerA-binding site(s) on the T. acidophilum chromosome First, we performed ChIP-seq analysis with affinitypurified anti-XerA antibody to identify XerA-binding sites on the T. acidophilum chromosome (NCBI reference sequence number NC_002578.1) (Ruepp et al. 2000) . As a negative control, we also sequenced DNA from cells cross-linked under the same condition, but without immunoprecipitation with antiXerA antibody. The experiments were performed three times independently. This analysis identified two major XerA-binding sites at chromosomal positions 476254 (hereafter, Peak 1) and 764070 (Peak 2) (Fig. 1A ,B and Table S1 in Supporting Information).
The GRAPHDNA software (Thomas et al. 2007 ) indicated that Peak 1 and Peak 2 sites had relatively high GC skews (Fig. 1C) . The oriC site of T. acidophilum was predicted using the cumulative GC skew of ORF orientation (Ruepp et al. 2000) . Our prediction by using the GRAPHDNA software agreed with their prediction. Therefore, we have tentatively used the oriC position predicted by Ruepp et al. (2000) . If it is true, Peak 1 and Peak 2 sites are located at 110°and 176°from oriC, respectively (Fig. 1D) . However, the oriC position predicted here is not conclusive (see details in Discussion section). Table S1 in Supporting Information) is shown. Peak 1 is at positions 47625-476882 (length: 1328 bp) with a summit peak of 673 (fold enrichment: 5.16). Peak 2 is at positions 763429-764814 (length: 1386 bp) with summit peak of 632 (fold enrichment: 4.96). (C) A cumulative GC skew graphic from T. acidophilum genome. The vertical axis shows cumulative GC-rich frequency. The horizontal axis shows sequential position of T. acidophilum genome according to Ruepp et al. (2000) . ( Genes to Cells (2017) 22, 646-661 We next analyzed binding of XerA to these two sites by chromatin immunoprecipitation-quantitative PCR (ChIP-qPCR). The loci containing the Ta0185 and Ta1186 genes, both of which encode hypothetical proteins (Ruepp et al. 2000) , were used as controls (Fig. 1E) . We observed 84-fold enrichment of the Peak 1 site and 257-fold enrichment of the Peak 2 site, but only~0.7-fold enrichment of Ta1186, relative to Ta0185 (Fig. 1F and Tables S2 and S3 in Supporting Information). These results suggest that XerA protein binds to Peak 1 and Peak 2 sites in vivo, with a stronger affinity for Peak 2.
XerA promotes dimer resolution of plasmid DNAs containing the Peak 2 site
We next investigated whether the DNA regions containing Peaks 1 and 2 are targets of XerA in vitro. For this purpose, we used wild-type XerA protein and a catalytically dead mutant (Y264F), as a negative control; the proteins were overproduced in E. coli under the control of the T7 expression system, and then highly purified ( Fig. 2A) . To generate DNA substrates, the chromosomal regions containing Peak 1 (positions 475555 to 476882; 1328 bp) and Peak 2 (positions 763429 to 764814; 1386 bp) were subcloned on pBluescript II SK + . Dimer plasmids containing Peak 1 or 2, generated in a recA + E. coli as described in Experimental procedures, were used as substrates for the resolution assay (Fig. 2B) . Incubation of XerA with the dimer plasmid containing Peak 1 did not lead to any detectable changes in reaction substrates, but incubation of the dimer plasmid containing the Peak 2 site yielded new bands corresponding to the monomer size of the plasmid (Fig. 2C) . Production of monomer increased in a XerA concentration-dependent manner. However, monomer-sized plasmid was not produced by the XerA Y264F mutant, indicating that product formation depended on the catalytic activity of XerA. These results suggest that XerA from T. acidophilum has site-specific recombinase activity that resolves plasmid dimers into monomers, using the Peak 2 region as a target sequence.
Comparison of XerA recognition sequences
The consensus binding sequence of XerA proteins from euryarchaeota, 5 0 -TATAAxxxxxxTTATA-3 0 , was proposed by Cortez et al. (2010) . Both Peaks 1 and 2 contain this consensus sequence in their left and right arms (Fig. 3A) . Notably, the spacer of Peak 2 is 6 bp, as in other recognition sequences, whereas the spacer of Peak 1 is 5 bp. In addition, the second nucleotide of the right arm in Peak 1 (position 19) is C, whereas in all other sequences it is T. The 5 0 -flanking sequences of the left arm and the 3 0 -flanking sequences of the right arm are well conserved within the same species, but they were considerably divergent among three species of Methanobacteriales.
We designated consensus sequences in Peak 1 and Peak 2 as dif1 (27 bp) and dif2 (28 bp), respectively, and subjected them to further characterization as described below.
Site-specific recombination of the plasmids with two direct dif2 repeats To determine whether the minimal consensus sequence serves as the target site for the site-specific recombination by XerA, we constructed a plasmid containing two dif2 sites. We also constructed a plasmid containing both the dif1 and dif2 sites, as well as a plasmid containing two dif1 sites, for comparison (Fig. 4A ). These plasmids mimicked the dimer plasmids used in the previous assay described in Fig. 2C . The minimal consensus sequences were placed in series; thus if site-specific recombination occurs between two dif sites in the same plasmid, the reaction would yield two small circular plasmid DNAs as resolution products (intra-recombination products). However, if site-specific recombination
Left arm
Spacer Right arm Thermococcales (Euryarchaeota) Position Figure 3 Alignment of 28 bp of dif sites from archaea. Alignment was analyzed by BLASTN and sequence comparison with the dif2 sequence. The dif sites from Thermococcales were adapted from published results (Cortez et al. 2010) , and those from three Methanobacteriales and two Thermoplasmatales (P. torridus and T. volcanium) were predicted by BLAST of whole chromosome sequences. Highly conserved motifs (5 0 -TATAAxxxxxxTTATA-3 0 ) are shaded in light blue, and other conserved motifs are shaded in pale red (in Thermococcales) or yellow (in Thermoplasmatales). Red rectangle indicates dif1 (27 bp) and dif2 (28 bp) sites in T. acidophilum. The deduced consensus sequence is represented as a sequence logo below the alignment. occurs between the two dif sites of different plasmid molecules, the reaction would yield plasmid multimers (or concatemers) (inter-recombination products) (Fig. 4A) . Incubation of the wild-type XerA protein with plasmid DNA containing direct repeats of dif2 sites yielded both inter-and intrarecombination products (Fig. 4B ). However, incubation of the catalytically dead XerA (Y264F) with the plasmid containing direct repeats of dif2 did not yield any detectable products. Likewise, incubation of the wild-type or Y264F XerA protein with plasmid DNA containing direct repeats of the two dif1 sites did not yield any detectable products. Interestingly, incubation of the wild-type XerA protein with plasmid DNA containing both dif1 and dif2 sites yielded plasmid multimers exclusively, and this reaction required XerA catalytic activity. These results clearly indicated that XerA promotes site-specific recombination using the dif2 site as a target site.
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Mutation analysis of dif2 sites for XerA-dependent site-specific recombination Above, we showed that XerA promotes intermolecular recombination between two plasmids that each contain a single dif2 site. Using this assay, we attempted to identify the important nucleotide(s) within the dif2 site. To this end, we constructed a series of site-directed mutants of the dif2 sequence. Because the dif consensus sequence is AT-rich, we mutated A to T and T to A, with the exception of M1, which contained a T-to-C substitution corresponding to the analogous sequence of dif1. We cloned each of the dif2-mutant sequences into a plasmid and assayed the conversion efficiency of monomer to dimer (or multimer) (Fig. 5A) . The results showed that each single mutation decreased recombination efficiency to some extent (Fig. 5B,C) . Mutation M1, which mimics the right arm of dif1 (T-to-C substitution at position 19), had the most dramatic effect. Mutation M8, a T-to-A substitution at position 19, had a similarly severe defect. In addition, the M2 mutation at position 7 also significantly decreased product yield. By contrast, the effect of mutation M6 at position 11 was very limited. This result implied that each nucleotide in the conserved dif2 site plays an important role in XerA-mediated site-specific recombination, although the importance of each individual nucleotide varied.
Half-site strand-transfer reactions catalyzed by XerA
To further elucidate the molecular mechanism of XerA-mediated site-specific recombination, we used the half-site strand-transfer assay originally described by Nunes-D€ uby et al. (1998) and Serre et al. (2013) . The reaction scheme is shown in Fig. 6A . Each halfsite contains one of the two putative XerA-binding sites at the dif2 sequence, as well as either the 6-nt spacer top strand (right half-site) or bottom strand (left half-site). The left half-site contains the putative left binding site for XerA from dif2, the 6-nt spacer bottom strand and the EcoRI-ligatable end at the end opposite the spacer. The right half-site contains the putative right binding site for XerA from dif2, the 6-nt spacer top strand and the BamHI-ligatable end at the end opposite the spacer. Cleavage of these synthetic substrates is expected to yield a covalent complex between XerA and its substrates, with the trinucleotide cleaved product (5 0 -CTA-3 0 from the left arm and 5 0 -CGA-3 0 from the right arm) diffusing out of the catalytic center (Fig. 6A) . If the free 5 0 -OH groups of the uncleaved strands can attack the covalent complex intermolecularly, as previously observed with P. abyssi XerA (Serre et al. 2013) , the reaction should generate a recombinant product containing the top (63-nt) and bottom (65-nt) strands.
We incubated wild-type XerA with the left halfsite, right half-site or both, and then analyzed the reaction products by native polyacrylamide gel electrophoresis (PAGE) (Fig. 6B) . The reaction containing both the left and right half-sites yielded a new DNA band corresponding to a size of~70 bp. However, reactions containing only the left or right halfsite yielded no detectable products.
To further confirm the recombination products, the~70-bp DNA product was extracted from the polyacrylamide gel and ligated into the EcoRI-BamHI sites of pBlueScriptII SK + . The plasmid containing the product was transformed into E. coli, followed by DNA sequencing (Fig. 6C) . The results showed that Genes to Cells (2017) 22, 646-661 the full-length target site was present in the reaction product, consistent with our prediction described above in Fig. 6A .
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XerA binds in different modes to dif1 and dif2
Although we identified two dif sites in ChIP-seq analysis, and confirmed their specific binding by ChIP-qPCR, XerA could not mediate recombination at the dif1 site in vitro (Figs 2,4) . We suggested that a subtle difference in the binding modes between dif1 and dif2 was responsible for the different behaviors of XerA. To investigate this possibility, we performed a semiqualitative EMSA with different concentrations of XerA (Fig. 7A) . XerA bound to the dif1 site as efficiently as the dif2 site at lower concentrations of XerA (Complex I), consistent with the ChIP analyses. However, additional shifted bands were observed in the assay with dif2 (Complex II), potentially corresponding to a DNA-protein complex containing a single DNA molecule and two XerA proteins. At higher concentrations, dif2 was shifted further (Complex III), but no such effect was observed in the reactions with dif1. We next analyzed XerA binding to the half-sites, using the same substrates as in the assay of half-site strand-transfer reactions. The results showed that XerA bound to both half-sites of dif2, with slightly higher affinity for the left arm. However, no shifted bands were detected in the right half-site of dif1, whereas XerA bound to the left arm of dif1 with a similar or slightly higher affinity than the left arm of dif2 (Fig. 7B ). This result is consistent with the binding of two XerA monomers to the full dif2 site, as described above, and also supports the idea that the site-specific recombination or strand-transfer reaction requires XerA binding to both the left and right arms of the target site.
Mutation analysis of dif2 sequences for XerA binding
To validate the sequence critical for recognition of dif2 by XerA, we analyzed a series of dif2 mutations (Fig. 8A) . The mutation sites in the 28-bp oligonucleotide (M1-M11) were identical to the sites used in Fig. 5 . Mutants M12-M15 were single substitutions outside of the 5 0 -TATAA-3 0 consensus sequence in the left arm. Mutant M16 had two substitutions (T to A) at positions 5 and 7. Each 28-bp oligonucleotide was first examined for XerA binding by EMSA (Fig. 8B) . The results showed that M1, M3, M4, M7 and M8 did not form Complex III with XerA, whereas all of the other mutant oligonucleotides were competent to form this complex.
Mutational analysis of dif2 half-site sequences
To further examine recognition by XerA, we performed EMSA to analyze the half-site binding of the mutated substrates (Fig. 9A ). All mutants in the right half-site failed to form a stable complex. However, mutant oligonucleotides in the consensus 5 0 -TATAA-3 0 sequence (m2, m5 and m6; half-site mutant oligonucleotides are indicated by a lowercase 'm' to distinguish them from the full-length mutant oligonucleotides, indicated by an uppercase 'M') formed stable complexes as efficiently as the wildtype sequence. The m3 and m4 oligonucleotides exhibited reduced binding ability, suggesting that the second and third nucleotides in the consensus are important for XerA binding. Interestingly, mutants of nucleotides outside the consensus sequence (m12, m13 and m14) did not form the XerA complex at all, under our experimental conditions tested, suggesting that the nucleotides at positions 4, 6 and 12 are important for XerA binding to the left half-site. Due to the palindromic nature of the primary structure, the nucleotides at positions 25, 23 and 17 in the right half-site correspond to those at positions 4, 6 and 12 in the left half-site and have the same sequences, implying that these flanking nucleotides play important roles in XerA recognition of the right arm. Notably, T at position 5 in the left arm does not match its corresponding nucleotide at position 24, which is G. Mutant m15, in which this T was replaced with A, retained considerable XerA-binding activity. However, mutant m16, which had two mutations at the same sites as m2 (position 7) and m15 (position 5), completely lacked XerA binding. This result suggested that T at position 5 plays an important role in XerA binding along with the consensus 5 0 -TATAA-3 0 sequence.
We performed the half-site recombination assay with these mutant oligonucleotides (Fig. 9C,D) . All mutants except m15 yielded reduced amounts of the product, roughly corresponding to the amounts of protein-DNA complex formation.
Discussion
In this study, we identified two XerA-binding sites, dif1 and dif2, on the chromosome of T. acidophilum, and showed in vitro that XerA mediated site-specific recombination at the dif2 site, but not the dif1 site. In addition, mutational analysis of dif2 provided novel insights into the molecular mechanism of target site recognition by XerA.
The dif sites of archaeal chromosomes include the central motif 5 0 -TATAAxxxxxxTTATA-3 0 within a 28-mer sequence (Cortez et al. 2010) . dif2 completely matches the central core sequence, although conservation of the flanking regions is limited. However, the second nucleotide of the right arm in dif1 (position 19) is C, in contrast to the consensus T, and the spacer length of dif1 is five nucleotides, whereas the consensus sequence is six. These discrepancies between dif1 and the consensus sequence may explain why dif1 cannot serve as a target site.
XerA exists as a monomer in solution (Jo et al. 2016) . We showed that XerA binds independently to the left and right arm, with higher affinity for the left arms of both dif1 and dif2 (Fig. 7B) . Thus, a XerA monomer should first bind to the left arm in dif2, yielding Complex I, followed by binding of another XerA monomer to the right arm, yielding Complex II. Once Complex II is formed, two of them may combine to form a high-order complex (Complex III), in which two Complex II units align sideby-side in an antiparallel configuration (Fig. 7A) . However, XerA monomer cannot bind to the right arm of dif1, and thus cannot form either Complex II or Complex III. This is one reason why dif1 cannot serve as a target site, even though XerA exhibits significant binding to this sequence, as shown by ChIP-seq and ChIP-qPCR (Fig. 1) .
In mutational analysis of dif2, none of the single substitutions tested in the full-length sequence affected XerA binding per se (Fig. 8) ; however, all mutations except for M6 dramatically decreased recombination activity (Fig. 5) . However, the halfsite binding assay in Fig. 9 showed that single substitutions in the 5 0 -TATAA-3 0 consensus sequence in the left arm (m2, m5 and m6) retained considerable affinity for XerA, whereas substitutions in the flanking region of the left arm (m12, m13 and m14) had more profound effects on XerA binding. Therefore, the nucleotides in the flanking region of the left arm must play important roles in the initial recognition by XerA. A sequence with a substitution at position 7 (m2) had roughly wild-type affinity for XerA, whereas a substitution at position 5 (m15) preserved some affinity for the protein. However, a doublesubstituted sequence with mutations at positions 5 and 7 (m16) completely lost affinity, suggesting that T nucleotides at positions 5 and 7 contribute independently to XerA recognition. Genes to Cells (2017) 22, 646-661 By contrast, all of the tested substitutions in the right arm (m1, m7, m8, m9, m10 and m11) severely decreased XerA binding. The two arms are related by inverted repeat sequences, with the sole incongruity being T at position 5 in the left arm and G at position 24 in the right arm. Therefore, it is reasonable to expect that if the nucleotide at position 24 were A, these substitutions in the right arm (at least at m11) would have an affinity similar to that of m15. In other words, the affinity for XerA is strongly influenced by the nucleotide at position 24. The differences in the binding affinities of the two arms may be pertinent to the molecular mechanism underlying the regulation of hierarchical complex formation observed in Fig. 7 , which is very closely related to competency in the recombination reaction.
The Xer family recombinases contain highly conserved sequences in the catalytic motif (CAT domain), including the catalytic tyrosine residue and a corebinding (CB) domain (Sherratt & Wigley 1998; Grindley et al. 2006) . To date, two crystal structures of XerA protein, from T. acidophilum (Jo et al. 2016) and P. abyssi (Serre et al. 2013) , have been determined. However, the precise mechanism of XerA binding to dif remains unclear. Our analysis of the mutant dif2 substrates provides important insights into this issue.
Another important question regarding XerAmediated recombination is how XerA can recombine two dif2 sites. The EMSA shown in Fig. 7 suggests that each of four XerA monomers recognizes the arm sequence containing 5 0 -TATAA-3 0 in the dif site. After that, the reaction is expected to exchange the two DNA duplexes to produce the recombinant products, with a transient 3 0 -phosphotyrosine protein-DNA covalent complex formed as an intermediate. The results of our half-site strand-transfer assay (Fig. 6) were consistent with the idea, originally proposed by Serre et al. (2013) , that catalytic Tyr-264 of XerA attacks and cleaves the target site between the XerA recognition sequence and central spacer sequence to form a phosphodiester linkage, because the complete dif2 sequence is regenerated in the final product. This observation suggests that A at position 11 of the upper strand and A paired with T at position 18 of the lower strand form a transient covalent complex with XerA by releasing trinucleotide 5 0 -CTA-3 0 . Our half-site strand-transfer assay using mutant substrates (Fig. 9) indicates that many of the conserved nucleotides play important roles in XerA binding and strand transfer by XerA. Interestingly, XerA bound to the mutant substrates m2 and m5 (positions 7 and 10) as efficiently as to the wild-type left half-site of dif2, but strand transfer was considerably impaired. This observation implies that these nucleotides play a critical role specifically in the strand-transfer reaction, but not in XerA binding. Because the crystal structure analyses suggest that apo-XerA undergoes large conformational changes to form the cis-cleavage mode, these nucleotides may be involved in a later stage of binding involving strand transfer (Serre et al. 2013; Jo et al. 2016) . The hierarchal binding mode of XerA to the full dif2 site, as observed in Fig. 7 , is consistent with this notion.
The resolution assay reconstituted in this study indicated that the fundamental mechanism of the XerA/dif system in T. acidophilum is similar to that of its bacterial counterpart. However, a major question persists regarding dimer resolution at the chromosome level. Namely, in E. coli, but not in T. acidophilum, XerCD-mediated recombination at dif sites requires FtsK, a DNA translocase that is anchored at the presumptive division site near the middle of the cell. FtsK reads short-sequence motifs in the genome that are polarized toward dif and specifically translocate DNA, bringing the two dif sites together at midcell for synapsis. FtsK then stimulates catalysis by XerD (Aussel et al. 2002) . In some bacteria, a single Xer-like recombinase operates in chromosome segregation, but these single Xer systems are still thought to collaborate with FtsK (Le Bourgeois et al. 2007; Carnoy & Roten 2009; Nolivos et al. 2010) . Therefore, in T. acidophilum, some structural changes in the chromosome might be required for in vivo binding and promotion of recombination at the dif2 site by unknown accessory factor(s).
XerA from T. acidophilum binds to dif1, as shown by ChIP-seq, ChIP-qPCR and EMSA analyses. This observation suggests a still-unknown in vivo role of dif1. The dif1-bound XerA may lead to a large conformational change in the chromosome by forming a complex with dif2-bound XerA and/or other unknown factor(s). This, in turn, may promote polarization of the chromosome toward the dif2 site to promote recombination there.
Based on both the similarity to the consensus dif sequence and the distance between dif1 and dif2 on the T. acidophilum genome, we sought to identify dif1-like sequences on other archaea genomes. Notably in this regard, we may have found dif1 sequences in Picrophilus torridus and Thermoplasma volcanium. Furthermore, a dif1-like sequence has also been detected in P. abyssi (Tables S4 and S5 in Supporting Information) . The locations of the dif1-like sequences in each archaeal genome vary slightly. The presence of dif1-like sequences in archaea other than T. acidophilum suggests that they may play a common and important role in vivo.
In most prokaryotes including several archaea, chromosomal oriCs can be predicted on the basis of DNA composition using GC skew (Grigoriev 1998) . However, the prediction of the oriC of Termococales, another Euryarchaeota distantly related to Thermoplasmatales, is inoperative by an approach on the sole basis of chromosomal DNA composition or skew (Cossu et al. 2015) . To our knowledge, any reliable in silico prediction method of the oriC in the Thermoplasma genome has not been established so far. The genes encoding the initiator proteins, DnaA for bacteria and Cdc6/Orc1 for archaea, are generally located in the immediate vicinity in prokaryotic genomes (Matsunaga et al. 2001) . However, the cdc6 gene is not located at the predicted oriC region (position 1) but it is located between the dif1 and dif2 positions (positions 666, 864). Thus, the T. acidophilum oriC predicted by GC skew in this study is not conclusive. The precise position of it should be experimentally determined by biochemical methods.
In summary, the results of this study provide important insights into the molecular mechanism of chromosome dimer resolution mediated by the Xer/ dif system in archaea, which is implemented by a single Xer recombinase without FtsK homologue(s).
Experimental procedures
T. acidophilum and E. coli strains
The wild-type T. acidophilum strain JCM9062 was obtained from Riken BioResource Center (JAPAN Collection of Microorganisms). Escherichia coli strain DH5a was routinely used for DNA manipulations. AB1157, a recA + strain (Bachmann 1972) , was used to make plasmid dimers.
Sequence analyses
Cumulative GC skew was determined using the GraphDNA program (https://virology.uvic.ca/virology-ca-tools/graphdna/ ) (Thomas et al. 2007) . To calculate the GC skew, a window size of 70 nucleotides was used. The dif sites of archaea were predicted from the whole chromosome sequence using BLAST. Chromosome sequences were obtained from the NCBI database: Methanothermobacter thermautotrophicus str. Delta H, NCBI reference number NC_000916.1; Methanosphaera stadtmanae DSM3091, NC_007681.1; P. torridus DSM 9790, NC_005877.1; T. volcanium GSS1, NC_002689.2; and T. acidophilum, NC_002578.1. A consensus sequence was deduced from the alignment of predicted dif sites and represented as a sequence logo (Crooks et al. 2004) .
Oligonucleotides
The oligonucleotides used in this study, listed in Table S6 in Supporting Information, were all purchased from Eurofins Genomics (Tokyo, Japan).
(NH 4 ) 2 SO 4 , 3.75 g/K KH 2 PO 4 , 625 mg/L Mg SO 4 Á7H 2 O, 312.5 mg/L CaCl 2 Á2H 2 O, 0.05% yeast extract and 1% glucose. Cells were passed to new medium every four days (16 days in total). The cells were harvested at OD 600 nm =~0.4 by centrifugation at 2330 g for 20 min at room temperature, and then washed with PBS. Chromatin immunoprecipitation (ChIP) was carried out as previously described (Wilbanks et al. 2012 ) with slight modifications. The cells were fixed with 1% formaldehyde for 20 min at room temperature, and fixation was quenched with the addition of 125 mM glycine. The fixed cells were collected by centrifugation at 2330 g for 20 min at room temperature and then stored at À80°C. The cell pellets were resuspended in 1 mL of lysis buffer (50 mM HEPES/KOH [pH 7.5], 140 mM NaCl, 1 mM EDTA, 1% [v/v] Triton X-100 and 0.1% [w/v] sodium deoxycholate) containing protease inhibitors (Complete, Roche). The cells were sonicated on a DNA shearing System M220 (Covaris) to achieve a sheared DNA size range of 200-700 bp. The cell lysate was cleared by centrifugation at 9100 g for 5 min at 4°C, and the resultant supernatant was used as the input sample for the immunoprecipitation reaction. The cleared supernatant (500 lL) was incubated at 4°C overnight with protein A-conjugated Dynabeads (Invitrogen, Carlsbad, CA, USA), which were precoupled with purified anti-XerA antibody, in lysis buffer containing 1 mg/mL BSA. Beads were washed sequentially with lysis buffer containing 500 mM NaCl and TE (10 mM Tris-HCl [pH 8.0] and 1 mM EDTA). The DNA in the immunocomplex was eluted in TE/SDS (10 mM Tris-HCl [pH 8.0], 1 mM EDTA and 1% [w/v] SDS). Eluted DNA was de-cross-linked overnight by heating at 65°C. The DNA sample was further purified by phenol/chloroform/ isoamyl extraction and ethanol precipitation and then treated with RNase A. This was the IP sample for ChIPseq. To generate the control sample (non-IP), DNA was prepared using the same procedure without anti-XerA antibody.
ChIP-Seq library preparation and sequence analysis
The Chip-seq library was generated by ligation-based Illumina multiplex library preparation (LIMprep) as described (Sasagawa et al. 2013) . ChIP-Seq libraries were prepared using selfproduced TruSeq adaptors (Illumina, San Diego, CA, USA) and a library preparation kit (Kapa Biosystems). Adaptor-ligated samples were amplified with a HiFi PCR kit (Kapa Biosystems, St Louis, MO, USA), and the library samples were purified using the AmpureXP system (Beckman Coulter, Brea, CA, USA). The library was sequenced on a MiSeq Benchtop Sequencer (Illumina). FASTQ files of sequence results were aligned and mapped using Bowtie2. SAM format files were converted to sorted and merged BAM files using SAMtools. IP peaks were detected using the MACS 1.4 software (http://liu lab.dfci.harvard.edu/MACS/) (Zhang et al. 2008) , and visualized using the IGV 2.0 software. The raw data of ChIP sequencing have been deposited in the DNA Data Bank of Japan (DDBJ) database under the accession number DRA005692.
qPCR qPCR was performed on 5.2 ng/lL purified DNA from the lysate or IP samples (as the template) using SYBR Premix Ex Taq (TAKARA, Kusatsu, Japan) and THUNDERBIRD SYBR qPCR mix (TOYOBO, Tokyo, Japan) on a Light Cycler (Roche). Enrichment was determined relative to regions within Ta0185 (primers Ta0185_F/Ta0185_R) and Ta1186 (primers Ta1186_F/Ta1186_R).
DNA substrates
Plasmid dimer DNAs
DNA regions containing Peaks 1 and 2 were amplified by PCR from genomic DNA of T. acidophilum using the primer pairs shown in Table S6 in Supporting Information. Each PCR product was subcloned into the PstI-SmaI restriction sites of pBlueScriptII SK + . Each plasmid was introduced into an E. coli recA + strain (AB1157), and mini-scale plasmid preparation was performed using the Wizard Plus SV Minipreps DNA purification system (Promega, Madison, WI, USA). The purified plasmid was subjected to 0.8% agarose gel electrophoreses, and dimer species separately was excised from the agarose gel. Dimer plasmid extracted from gel using MonoFas (GL Sciences, Tokyo, Japan) was introduced into the E. coli recA À strain DH5a, recovered by a conventional mini-prep procedure using the Promega kit described above. The resultant dimer plasmids were confirmed by restriction digestion and designated pBS-peak1 and pBS-peak2.
Plasmid DNAs carrying a minimal dif1 or dif2 sequence Double-stranded DNAs of minimal dif1 and dif2 sequences were prepared by annealing oligonucleotides, and then subcloned into the AatII-EcoO109 and HindIII-BamHI sites of pUC119, respectively. The resultant plasmids were designated pUC-dif1-dif1 and pUC-dif2-dif2. In addition, both dif1 and dif2 were cloned into the corresponding sites in the same plasmid, and the product was designated pUC-dif1-dif2. A single dif2 sequence was subcloned into the HindIII-BamHI sites of pUC119, and the resultant plasmid was designated pUC-dif2. pUC-dif2-derivative plasmids with mutation(s) in the dif2 site were constructed using the QuikChange II XL site-directed mutagenesis kit (Agilent Technologies). Primers used in the reaction are listed in Table S1 in Supporting Information. Substrates for half-site recombination were prepared by annealing oligonucleotides, followed by 12% PAGE and gel purification.
Assays for dimer resolution and site-specific recombination
A standard reaction for dimer resolution (20 lL) contained substrate DNA (200 ng) and XerA (83, 166 or 208 nM) in resolution buffer (5 mM Tris-HCl [pH 7.5], 1 mM EDTA, 50 mM NaCl, 1.65% (w/v) glycerol and 165 nM DTT). The reactions were incubated for 2 h at 63°C and stopped by the addition of 0.6 lL of 20 mg/mL Protease K and 0.9 lL of 10% (w/v) SDS, followed by additional incubation for 30 min at 37°C. The DNA samples were extracted by phenol/chloroform/isoamyl alcohol treatment, followed by 1% (w/v) agarose gel electrophoresis at 100 V for 1 h at room temperature in TAE buffer (40 mM Trisacetate [pH 7.5] and 1 mM EDTA). To visualize DNA bands, gels were stained with SYBR-Gold (Molecular Probes, Eugene, OR, USA). Gel images were captured on an LAS-4000 mini (Fuji Film Co).
Half-site strand-transfer reaction assay DNA substrate (2.5 ng) was added to 10 lL of reaction buffer containing 5 mM Tris-HCl (pH 7.5), 1 mM EDTA (pH 8.0) and 100 mM NaCl. Transfer reaction was initiated by adding XerA protein (208 nM in 1 lL) to the reaction mixture. XerA protein was diluted with buffer D containing no NaCl to a final concentration of 250 mM NaCl before use in this assay. Reaction mixtures were incubated for 2 h at 63°C and further incubated for 30 min at 37°C after the addition of 0.9 lL of 5% SDS and 0.3 lL 20 mg/mL Protease K, followed by the addition of 69 loading buffer containing 50 mM Tris-HCl (pH 7.5), 0.25% BPB, 0.25% XCFF and 15% Ficoll. The samples were analyzed by 10% PAGE (100 V, 50 min, 25°C) in TBE. Gels were stained with SYBR-Gold (Molecular Probes). Gel images were captured on a Typhoon FLA 9500 (GE Healthcare).
Gel shift assay
The assay was carried out in 10 lL of reaction mixture containing 10 ng of DNA substrate, 5 mM Tris-HCl (pH 7.5) and 50 mM NaCl. XerA proteins (0.35, 0.7 or 1 lM) were added to reaction mixtures and incubated for 10 min at 4°C. After the reaction, 69 loading buffer was added, and the samples were immediately subjected to 10% PAGE. Gels were stained with SYBR-Gold (Molecular Probes). Gel images were captured on a Typhoon FLA 9500.
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